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2inS: Assay for degradable substrates by electro- 

chemical detection of redox species. 



Field of Invention; - 



The present invention concerns the electrochemical 
detection of redox species in a medium and the use of 
such detection to determine the occurence of a condition 
under which such species are liberated. produced, 
sequestared k ilscnargea into a medium. 

« 

More particularly, "the present invention is concerned 
wicn the electrochemistry of mediators in combination 
with degradable substrates, such as . polymers, and with 
an electrochemical assay which is in one aspect 
particularly concerned with an assay for the presence 
of. or amount of. polysaccharide complexes in a sample, 
but which extends a general assay for detecting the 
presence- of. monitoring the level of or determining the 
concentration of compounds containing polymeric 
structures as set forth below and including but not 
limited to: celluloses. pectins. galactosides . 
hyaluronic acids, lipids, peptides, nucleic acids and 
specific binding partners in immunoassay. As a second 
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limb of the invention. there is disclosed an assay 
system for enzymes having a polymerase or depolymerase 
activity, and for other chemical or physical conditions 
resulting in the making or breaking of chemical bonds. 
5 or changes in physical state or condition. 

While use may be made of this invention in the chemical 
industry. especially where complex mixtures are 
encountered (e.g. in food chemistry or biochemical 
engineering) it is of particular value in biological- 
10 investigation and control techniques. More 

particularly, it lends itself to animal or human 
aed.cine. and in particular to ia vitro measuring or 
monitoring of components in body fluids. 

Prior Art : - 

15 For convenience, the invention will be described, inter 
alia . with particular reference to one class of 
measurements; the determination of the activity of 
enzymes capable of digesting polysaccharides. Moreover, 
while the provision of sensors for components in. 

20 biological fluids is one object of the invent ion, * other 
and broader objects are not hereby excluded. 



For example, it is an object of the invention to provide 
an improved assay for a-Amylase ( 1 . 4-a-D-glucan 
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glucanohydrolase. B.C. 3. 2. 1.1.). an enzyme which 
catalyses the hydrolysis of 1. 4-a-glycosidic linkages 
of polysaccharides (e.g. starches and glycogen) and of 
oligosaccharides to yield maltose and other simple 
3 cleavage products. 

It is Known that the catalytic activity of a-amylase 
in serum oc urine is due to at least two distinct 
isoenzymes; a first a-amylase from the pancreas and a 
second from the saliva. This endoenzyme is extensively 
measured in clinical laboratories for the diagnosis of 
acute pancreatitis and obstruction of the pancreatic 
a . ;:: . rha iecsrrai.ia : : on of a-arayiase activity is a.so 
important for the food industry, especially for starch 
converting plants. breweries and other fermentation 
facilities . 



10 



20 



The prior art analytical methods for the measurement of 
a-amylase activity can be classified in three 
categories. amyloclastic (i.e. starch-iodine), 

saccharogenic and chroraogenic methods. of which the 
amyloclastic methods represent the majority of routine 
a-amylase determinations. All of these methods are. 
however, laborious, costly and require skilled personnel. 

It has been shown that the development of enyzme 
electrodes for the detection of low-molecular weight 
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products generated by cleaving the polysaccharides can 
improve the the techniques used in the saccharogenic 
methods.. Yoda and Tsuchida -Chemical Sensors" edited T. 
seiyama. K . FueKi. J Shiofcawa and S. SuzuKi. Proceedings 
5 of the international meeting on Chemical Sensors. 

Feinted proceedings of biosensors meeting in Tokyo 
PP648-653] have described a po lar ogr aphic enzyme 
electrode for the measurement of a-amylase activity 
based upon the following reaction scheme. 

3Carch a-amylase > + ma i COS e ♦ raaltotriose ♦ 

o i igo sac cnar lies 



a-alucosidase 

maltose ♦ maltotriose ♦ oligosaccharides 

glucose 



15 



20 



glucose oxidase ^ 

glucose + 0 2 + H 2 0 

gluconic acid + H 2°2 

Hydrogen peroxide produced by the oxidation of glucose 
by glucose oxidase is determined by a polarographic 
electrode of the type used in the Yellow Springs Glucose 
Analyser . 

A second polarographic method for determination of 
a-amylase activity has been described by Scheller and 
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„-woc*.r. tScheXXer. - 

E1 .c„« Ml . =n«. m ».-»• «»•»» u " sed ; u ; 

ttt e eXectrocheaicai detection o £ 

£con .odi.i.d bi« th. .»h«t.t. «»ur use. 

. toc chro«o,enic determination ot -mu.. .ctxvvty. 
' Th e, have usee *itf«.«Ul -X" " 
.«. W U, mercury eiectrod. a, the method o £ detection. 

other modULd -I*-" 4 "" lbed " 

)0 Carraher. lister 1. Britain. 

„ a the attachment o £ ferrocene 
Simionesco discusses the 

.. -.Huios. and to PoiYV-hyiac.tat. W 

^arbor/1*-- acia 

and the attachment of ferrocene 
ester linkages. and the 

noiwinrl pyrrolidine via. an aldol 
carboxaldehyde to polyvinyl py 

• n T - is suggested by Simionescu that the 
1S condensation. ^ s 5U ^ y 

effective slow-release agent foe the 
adduct acts as an effective 

treatment of anaemia. 

a «f the present invention is 
The technical background of the P a2305S97 

- B ,fnnt Application 82305597 
described in our European Patent APP 

- a sensor electrode composed 

20 which describes and claims a 

of electrically conductive material and comprising a 
le ast at an external surface thereof the combination o 
an enzyme and a mediator compound which transfe 

. to th . electrode when the enzyme is 
electrons to trie 

25 catalytically active. 
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The purpose of such an electrode is to detect the 
presence of. measure the amount of and/or monitor the 
level of one oc more selected components capable of 
undertaking a reaction catalysed by the said enzyme. 

Examples of electrode configurations, mediators and uses 
are given in that and subsequent patent applications by 
the applicants. 

Enzyme/substrate pairs whose electrochemical behaviour 
in association with mediator compounds have been studied 
ay cne Applicants include those listed in Table 1. 
It is believed .that any of these pairs could be utilised 
in association 'with a suitable mediator in the present 
invention. given some limitations on the assay 
conditions which would be obvious to the man skilled in 
the art. Of these pairs, it is clearly advantageous to 
utilise those enzyme/substrate pairs whose behaviour is 
established in most detail and which giv* good, 
preferably linear. response over the expected 
measurement range. . 
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Table 1 : 
vnnwn To munle With Mediators 



Enzvme 



Qnhgtrate 



Piavo-p cQteins 

Pyruvate Oxidase 
L-Amino Acid Oxidase 
Aldehyde Oxidase 
Xanthine Oxidase 
Glucose Oxidase 
Sarcosine Oxidase 



Pyruvates 

L-Amino Acids 

Aldehydes 

Xanthines 

Glucose 

Sarcosine 



10 PflQ Enzvmes. 

Glucose Dehydrogenase 
Methanol Dehydrogenase 

Methylamine Dehydrogenase 



Glucose 
Methanol and 
other Alfcanols 
Methylamine 



15 r yrnrhrome bzlinjted Enzymes 
Lactate Oxidase 



Lactate 



Marallof 1 ^nproteins 
Carbon monoxide 
Oxidoreductase 



Carbon Monoxide 
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In our earlier application, we state that ferrocenes 
(bis-cyclopentadienyl iron and its derivatives) have 
advantages over other mediators used with 
enzyme/substrate reactions for charge- transfer purposes. 

Whilst ferrocenes had been found to be of limited value 
in spectrophotome t cic assays as a result of their poor 
solubility in aqueous solution and low extinction 
coefficients, they have been found to be more suited to 
a bio-electrochemical system. Ferrocenes have: 

(a) a wide range of redox potentials accessible 
through substitution of the cyclopentadienyl rings which 
zan oe functional ised ; 

(b) electrochemically reversible one-electron redox 

properties; 

(c) a pH-independent redox potential and a slow 
autoxidation of the reduced form. 



Within this general class of ferrocenes, i.e. the 
raonomeric or polymeric derivates substituted around one 
or both rings. we have found certain individual 
ferrocenes such as are listed in Table 2. 



V i. 
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Table 2. 
SQgg n.Mv at i rr- gj »»" Q cene 



15 



Parrocene Privative 


o 


Solubility 


c 


1,1' -dimethyl- 


100 

.L n* 


I.D 


- 






370 


acetic acid 


124 


S 


hydroxyethyl- 


161 


S 


335 


165 


I.D 


ferrocene 




385 


224 


S 


1. 1' bisChydroxymethyD- 




420 


275 




monocacboxylic acid 


S 




1. i« -dicacboxylic acid 


395 


s 






-45 


:.o 




ciiiocc- 








methyl trimethylamino- 


400 


s 





20 



•E 



is in 



mV vs a standard calomel electcode. 



IS 



measured in cm w 

O t „e C aadia<oc co.pounas inciuda tno.a U.C.O in Ta>i. 
3 It should be noc.4 tnat no, an *adia<o, coapounda 
» m B a d iac. .«.«W.W «cw..n a pa«i=«l« «"« 

. nzyo . an. an sn.taca. Tna sanction o< «h. 

oetlmua aa<ia<o, 1. f - 

„„l„l« en^a in us., un.ac a ,iv.n sac o £ ena.xcai 
atid/oc physical conditions. 
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TABLE 3 
Mediator Compounds 



Other me tal locenes , 
Fer rocyanide/ Fer r i cyanide. 
Ruthenium Compounds, 
5 carboranes. 

Conductive salts of TCNQ, 
Haloanils, and derivatives thereof. 
Viologens and their polymers, 
^uinones, 

10. Alkyl substituted phenazine derivatives, and, 

Bis-cyclopentadienyl (Cp> 2 MX x complexes. 

With some of the above mediators it is convenient to 
employ a solid electrode formed from the compound, while 
in others the mediator might be coated onto, or provided 
15 in solution at, an electrode surface. 
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naaet ir*-", Tnvention:- 

in a broad aspect the present invention concerns the use 
of an electro-epical detection or redox species in a 
me dium to determine the occurence of a condition under 
which such species are liberated, produced, released or 
sequestered. wherein such production or release is 
enabled by the digestion, build-up or disruption of a 
macromolecular species 

By gloria, « <"«»="' 1M1 d " ,Ctl ° a " 
determine when th. lib.t.tlon. release, s.gu.etration or 

tIMU cU.» ot a redo* .».«« occurs, ana 
sue* liberation, real.... segu.stration or production to 
th. di,..tio». bulld-up or disruption or a 
macromol.culat species, it is po.sibl. to d.t.rmin. th. 
occurence or a number or conditions under which sucb 
digestion, build-up or disruption occurs. For me 
avoidance ot doubt, digestion includes tn. breakage o £ 
epical bonds under a ran,, or conditions, including 

enrymic digestion ot the macromolecular specres. 

„uild-up includes tn. polymerisation or a numb.r of 

.onom.ts. sub-units or oligom.rs into a 

and. disruption includes th. br.aXage ot bonds by 

physical processes sucb as th. disruption ot lysosom.s 

(including liposomes) or micelles. 
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According a first aspect of the present invention there 
is provided an assay system comprising; 

a) a macromolecular species comprising at 
least in part a component, activatable on digestion or 
disruption of che macromolecular species to produce, 
liberate, sequester or release directly, or facilitate 
indirect production. liberation. sequestration or 
release of redox species within a medium and. 

b) electrode means responsive to the presence 
of the redox species, for electrochemical detection or 
measurement of the redox species in the medium. 

whereby the said detection or measurement is 
related -o tne digestion or disruption of the 
macromolecular species, as enabled, on occurence of a 
predetermined condition. thereby being capable of a 
cesponse to the presence type or amount of the 
macromolecular species, and/or of the said presence or 
amount of digestion or disruption and/or of 
circumstances affecting the indirect production of the 
redox species. 

This aspect of the invention provides for the direct or 
indirect production or release of a redox species 
following the digestion or disruption of the 
macromolecular species, and may be employed to determine 
when conditions occur under which such a macromolecular 
species is digested or disrupted. For example, it is 
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possible to determine the occurence of a condition which 
causes a macromolecular species composed of a plurality 
of linked subunits. to separate into individual 
sub-units, by labelling some or all of the individual 
components with a redox species. The redox behaviour of 
the separate labelled sub-units differs from that of the 
complexed sub-units and separation may be detected 
thereby. In one form. this aspect of the present 
invention is seen to comprise a system capable of 
detecting a redox species in combination with a redox 
species bound to or held inactive as a component of a 
raacromolecule. On the occurrence of a pre-determined 
condicion which releases cne redox compound from its 
inactive condition or location, a detectable signal is 
produced . 

For example, the redox species may be chemically linked 
to a solid substrate, or linked to a colloidally or 
otherwise dispersed. or disolved molecular species 
inhibiting the redox activity of the species. Such 
linkage prevents free movement of the redox species and 
so alters the electrochemical response of the species. 
By way of further example, the redox species may be 
chemically linked to a suitably large molecule. to 
prevent the passage of the redox species across a 
molecular exclusion membrane or other "molecular 
filter.". Suitable solid substrates include the wall of 



WO 86/04926 



PCT/GB86/00095 



10 



15 



20 



PAGE 14 

an assay vessel, or a suitable insect, such as a region 
of an electrode other than the working electrode surface 
or a mass of beads. 

Typically however. this aspect of the invention 
comprises an assay system including; a redox enzyme, a 
mediator compound capable of facilitating the transfer 
of charge from the redox enzyme to the electrode, and. a 
substrate for the redox enzyme; wherein; 

a) the component comprises one of said redox 
enzyme or said mediator, and. 

b) the raacromolecular species comprises a 
lacge— aoiecui* Lramooilisec materia. linked :o -he 
component, 

whereby upon digestion or disruption of the 
mac r omo 1 ecu la r species, the redox enzyme, substrate and 
mediator interact to provide the redox species at the 
electrode. 

In this embodiment, the macr ©molecular species includes 
a redox active component which will facilitate the 
transfer of charge from the enzyme to an electrode, when 
the component is released from the macromolecule . 
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10 



15 



of 
aa 



Consequently, the present invention provides method of 

assay including the steps of: 

a) preparing a mixture containing Known 

amounts of; 

i) a redox enzyme, 

ii) a mediator compound capable 
transferring charge from the redox enzyme to 
electrode on occurence of a redox reaction, and. 

iii) a substrate for the redox reaction, 
wherein at least one of components i) or ii) is 
linfced to a macromolecule. whereby charge transfer to 
the electrode surtace is restricted. 

b) treating the mixture with an agent 
suspected of being capable of effectively liberating the 
component lin*ed to the macromolecule. and. 

c) measuring the charge transfer to the 
electrode surface, whereby the presence of the agent may 
be determined. 



20 



25 



in this method, one of the components i) or ii) is 
absent from the medium. being linked to the 
macromolecule. When the assay mixture is treated with a 
agent capable of liberating the linKed component, the 
enzyme/ mediator/ substrate system is completed, 
allowing charge transfer to the electrode to produce a 
detectable signal. In a particular embodiment of this 
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method, the macromolecular species is a polymer, in 
which some oc all of the monomeric sub-units are 
labelled with a component of the enzyme/ mediator/ 
substrate system, and the agent capable of liberating 
the component can be a depolymerase enzyme suspected of 
being in the sample. 

In those embodiments in which the mediator is bound to 
the polymer and both the redox enzyme and the substrate 
of the redox enzyme are present in the assay system, 
digestion of the polymer by a depolymerase is indicated 
by an increase in the activity of the mediator. 

According to a second aspect of the present invention 
there is provided an assay system comprising; 

a) a ceagent system capable of f acillita ting 
the production or release of redox species within a 
medium in the presence of a component produced or 
released from a macromolecular species by digestion or 
disruption of the macromolecular species, and. 

b) at least one electrode responsive to the 
presence of the redox species. for electrochemical 
detection of the redox species in the medium. 

In this aspect of the invention, the analyte of the 
assay system may be the macromolecular species itself, 
and the assay system is such that in the presence of the 
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ma cromol.cular sp.ci... th. r..,.nt syst.m Produce, 
redox speci.s which can b. detected at th. .l.ctod.. 

F or .„. Pl =. U is pos.ibl. to di,..t or disrupt th. 
complex into components s... ot which at. themselves 
t , a „, speci.s. However it is hot necessary for «« 
components to be themselves redox speci.s. 

A ccordin,ly th. present invention extends to an assay 
sys tem including either; a redox .nrym. or a mediator 
compound capable or facilitating th. tr.n.f.r of char,. 
£c0 m th. redox enryme to the electrode, and a substrate 
Soc cne redox enzyme: wnerem: 

a> cne component comprises one of said redox 

enzyme or mediator. 

>, th. system eucther comprises a turcher 

enrym. to produce or release th. compon.nt in th. 
pr.s.nce ot tne macromol.cular species. 

wh.r.in on tr.atm.nt of th. assay syst.m with a 
sample containing th. macromol.cular sp.cie, charge rs 

*~rr*A via the mediator compound to 
consequently transferred via 

the said electrode. 

r n f the redox enzyme/ substrate/ 
Thus. the component of the reao 

ra« is released when the macromolecular 
mediator system is ceieasw 

species is acted upon by the further enzyme. 
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In an embodiment, the macromolecular species may be a 
modified polymer. such as a polysaccharide, and the 
further enzyme may be a polysaccharide depolymerase . 
such as amyloglucosidase or a-amylase. 

The present assay systems may be employed in methods of 
assay for specific binding reactions, such as in methods 
of immunoassay. 

As an example, the invention provides a method of assay 
including the steps of; 

a) preparing a mixture containing Known 

amounts or; 

i) a redox enzyme. 

ii) a mediator compound capable of 
transferring charge between the redox enzyme and an 
electrode surface on occurence of a redox reaction. 

iii) a substrate for the redox reaction. 

and , 

iv) a ligand labelled with an enzyme 
having a depolymerase activity on a polymer. 

wherein, at least one of components i) or ii) is 
linked to the polymer- whereby charge transfer is 
restricted until the component is liberated into the 
mixture . 

b) treating the mixture with a sample 
suspected of containing an antiligand capable of a 
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with the ligand. and. 



of 



charge 



25 



specific binding reaction 

. C ) measuring the pertubation 
transfer, whereby the presence of the reactive species 
may be determined. 

In this aspect of the invention, there is provided a 
method suitable tor the detection of a specific bindin, 
reaction, id which the IWand i. iabeU.d with an enzyme 
havln, a depolymetase activity. This activity is 
detected by the iiber.tion from a macromolecular 
substrare by the enzyme of a component of the redo* 
enzyme/ mediator/ substrate system. When all rhre. 
Parts =£ .his system are present. =nar,e transfer occurs 
at the electrode. The extent to which this char,e 
transfer occurs is determined by the activity of the 
depolymetase. especially ih the iost.nc. where the 
product of the depolymetase is a mediator to the redox 
enzyme. When the U 9 and becomes involved in a specific 
bihdlh, reaction, the depolymer.se activity is affected 
with a cons.,u.nt effect on the transfer of char,, to 
the electrode. Thus, the specific blhdln, reaction may 
be detected indirectly- 

As ha. been mentioned above, and will be described more 
fully below. the macromol.cul. can be a polymer 
molecule. by which term we Ihtend ro ihclude 
homopolymers. copolymers or iarg.-molecul.r chain, wrrh 



mi' mi ^ 



w i*>f-|P 'ii .nyraeJisya ^fl^y? 
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related but different units e.g. protein. other 
polypeptide- linked substances and nucleic acids. 
Alternatively. it can be the surface of a solid 
particle, e.g. a polystyrene bead. -In both these cases 
the breakage of a covalent chemical bond accompanies 
liberation of the component linked to the immobiliser. 
either the digestion of the polymer or the cleavage of 
the component from the immobiliser. As a further 
alternative liberation of the immobiliser component 
accompanies the disruption of a large transfer 
restraining molecule or aggregation of molecules. For 
example. the immobiliser can comprise a liposome, 
aciacxaoie by a pnospno 1 i pase . 

Although the' above aspects of the invention have been 
generally described in terms of activities which disrupt 
or digest macromolecules it is possible to reverse the 
process and consequenty to detect a polymerase 
activity. Accordingly, the present invention extends to 
an assay system for an enzyme having a polymerase 
activity comprising: 

a) a quantity of monomer or oligomer capable 

of being condensed into a polymer. 

b) an enzyme having a redox activity on the 

said monomer or oligomer. 

c) a mediator compound capable of transferring 
charge from the enzyme (b) to an electrode when the 
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.nzym. (b) is oat.lytleally active. 

■ vMr.in on tr.atment of the assay sysc.a «!th a 
„» pl . contained a polym.cas. capable o £ pelym.cistn, 
«. said oU,om.r. or monom.t. the rate of cedes 
a etivity of the enzyme (b). and consequent the amount 
0£ char,e transferred yli the mediator compound to tb. 
ssid electrode, is reduced by tb. polymerisation of tb, 
monomer or oligomer. 



10 



15 



For tb. avoidance o £ doubt, tb. term M.polym.ras." rs 
Ut.ud.d to m.an any enzyme which is capabX. or 
d.,radin, a polym.r into monomers or oU,o..rs or- a 

of products, rbis includes, but t. not li.rc.d 

n .«ri^acas hya lur onidases , 
to hydrolase enzymes. peptidases. ny 

» n „ rlMSes -polymerase" has the 
galactosidases. and nucleases. 

and includes both those polymerase 
reverse meaning. ana i nciUU " 



s which use a temp 



late (such as the enzymes 



enzyme 

involved in RNA and DNA syntbesis, and tbose enzymes 

whi cb wbil. manufacture polym.rs do not «.,««. a 
template . 



20 



25 



Pr.vious amperometric techniques bave .mpioy.d tb. 
se ,u.stration ot tbe ensym. compon.nt ot a .nzym./ 
.„».«.«./ • mediator system by means of non-covalent 
hindin, forces, sucb as are found in tb. infraction of 
an antibody -itb ant Wen. bormone witb receptor. 
M ,necic particle -itb ma,n.tic body or between 
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complementary strands of nucleic acid. The present 
invention is distinguished from these in that the 
mediator is generally held by a covalent bond or other 
immobilising influence. 

5 In those aspects of the invention in which the mediator 
compound is chemically attached to the polymer, so that 
its "mediator" or charge transfer ability is reduced or 
eliminated until the polymer is attacked, it has been 
found preferable that the mediator is a metallocene. and 

10 more preferably ferrocene or a derivative thereof. It 
should however be noted that other, non-metal, mediators 
■ as listed above in Table 3 can also- be used, provided 
• that the mediator activity is recovered, when "the 
mediator is released from the immobilising large 

15 molecule. 

Ferrocene and derivatives thereof are particularly 
suitable as mediators in the present invention, as they, 
have been shown to retain their activity even when 
considerable modification and/ or substitution of the 
20 ferrocene molecule has been performed. 

As mentioned above, the depolymerase activity may be 
that, of a hydrolase and particular utility has been 
found with those embodiments in which the depolymerase 
is specific to a polysaccharide. The second enzyme is 



W6 86/04926 



I 



15 



PCT/GB86/00095 



PAGE 2 3 

preferably selected such that it has a a redox activity 
on the oligo- and mono-sacchar ide fragments produced by 
the action of the depolymerase . 

Thus in a preferred embodiment of the present invention 
; me redox enzyme is glucose oxidase or glucose 

dehydrogenase. 

in a first preferential embodiment. amyloglucosidase 
(B.C. 3. 2. 1.3). hydropses -1.4 and -1.6-gluc.n 
linages in polysaccharides to produce monomers 
10 quantitatively. The polymer substrate is a 

pciysaccnarice. amyicse. which has been modified by 
covalent attachment of ferrocene via an ester linkage. 
After digestion of the polymer by the hydrolytic enzyme, 
the .products can mediate between glucose oxidase and an 
electrode, in the presence of a glucose substrate, and 
generate a measurable electrical signal. 



i 

j in 



a second preferential embodiment. a-amylase 



20 



(E.C.3.2.1.1) . acts on a second ferrocene-labelled 
insoluble substrate to produce soluble oligomers which 
can be detected amperometr ically . The cleavage products 
are capable of acting as electron acceptors fbr glucose 
oxidase in the enzyme catalysed oxidation of glucose, 
thus giving rise to an amplification of the observed 
current. 
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In both cases polymer-bound ferrocene. is electro- 
chemical]./ silent, that is. it cannot act as an electron 
acceptor for glucose oxidase and does not exhibit 
reversible or quasi-reversible electrochemistry. 

5 The invention will be further described by 

example and with reference to the following 
wherein; 

Figure 1; shows a schematic drawing of an assay 
system in which the analyte is a polymer, and in which 
-Q the 3Uost:ata of che enzyme from wnich charge transfer 

occurs is a monomer or an oligomer of the polymer. 

Figure 2; shows an assay system in which the analyte 
is a depolymerase . and in which a mediator compound is 
immobilised as a constituent of a polymer until monomers 
15 and oligomers having mediator activity are released by 
the action of the depolymerase. 

Figure 3; shows an assay system in which the analyte 
is a reagent capable of releasing immobilised enzyme 
into the free portion of the assay system, and in which 
20 both substrate and a mediator for that enzyme are 
present in the free portion. 



way of 
figures 
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Figure 4; shows in schematic form a system in which 
the release of the mediator compound into the assay 
medium is accompanied by the cleavage of a specific type 
of chemical bond. 

Figure 5; shows an extension of the technique 
illustrated in figure 5. in which a molecular exclusion 
membrane is employed. 



10 



Figure 6: shows in schematic form the operation of a 
assay system in which the electrochemical response of 
the mediator compound is determined directly. 



15 



Figure 7; shows a) DC cyclic voitammogram of 3mg of a 
ferrocene derivative of a polysaccharide in lml 

K HPO :NaCl buffer. pH 7.0 9 37°C. 
2 4 

b) DC cyclic voitammogram of the 
solution (a) after incubation at 37-C for lOmin. with 
25U a-amylase. and. 

c) as for (b). but with the addition 
of 40ul of a 1M solution of glucose and 10ul of a 
2.3mM solution of glucose oxidase. 



20 



Figure 8: shows a) DC cyclic voitammogram of 3mg of a 
ferrocene decivative of a polysaccharide in lml 



K HP<3 :NaCl 
2 4 

saliva, and. 



buffer 



9 



37°C with SOv.1 of 



human 



hp" ifiiPIW 
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b) as foe (a), but with the addition 
of 40ul of a 1M solution of glucose and 10ul of a 
2.3mM solution of glucose oxidase. 

Figure 9; Shows a calibration plot of a-amylase 
5 concentration, against measured current. 

Figure 10; Shows a calibration plot of IgG-a-amylase 
concentration, against measured current. 

Figure 1 : Assay for Polymer . 

Turning " o figure 1. cnere is shown a scnematic diagram 

10 of an assay system in which a polymeric species (A q ) 

is the. analy'te, and the substrate for ah enzyme/ 

mediator system comprises a monomer or oligomer of the 

polymer (A ). The. polymeric species (A ) is 
n * n 

degraded by a site or component specific depolymerase 
15 enzyme (Q) to produce shortened polymers ( A m ) and 
monomers (S) possibly also together with dimers. 
trimers. etc. as discussed above. 

If the structure of the polymer (A ) is known and the 

n 

action of the enzyme (Q) is accurately predicted, it is 

20 possible to design a system in which either or both of 

the oligomers (A ) and the monomer (S) are a substrate 

m 

for the redox enzyme (£) . which is usually an oxidase. 
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' „„ to which redo* enrym. a mediator such as ferrocene 
is available. 

(» , in its original polymeric form csnnot act as a 
substrate tot (■) . Therefore, this system will measure 

, the concentration of digested (A.I and give an 
indirect measure of the activity of the depoiymerase 
(0> . in the form of current (i) in the electrode (1). 
K this activity is Known, as is assumed in the present 
example, a measure of the concentration of the original 

10 polymer can be derived. 

-c* ; =: ore-existing is -^- e assay 
Tixture.' it is possible to perform a corrective assay 
for the polymer using the differential between the 
current in the presence and the absence of the 

aepoiymerase (0> . «« ^ ^ 
measurements could be made simultaneously in a system 
which has more than one sensing erecttode and a 
piurality ot compartments separated by suitable 
molecular-exclusion membranes. 

20 The illustrated system can also be used to assay for the 
^polymerase (0) . by providing an excess of polymer 
{A ) in the assay mixture and omitting the 



15 



depoiymerase (Q) • 



As the polymer is no 



t a 



substrate of 



tn. enzyme (B) no current will be detected at 



che 
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electrode until digestion of the polymer (A Q ) occurs, 
thus * the presence of the depolymerase (0) can be 
detected. 

It will be apparent to the man skilled in the art that 
the above systems can be embodied in competitive 
assays. For example, if an assay system contains 
substrate (S). enzyme (E). and mediator. but the 
depolymerase (Q) is replaced by a polymerase, which has 
the same substrate (S) as the enzyme (E) and which 
produces a polymer which is not a substrate for the 
enzyme (E) , then a competitive reaction will occur 
between tne consumption of substrate (S) at the enzyme 
(E) .and the . polymerisation of (S) into an inactive 
species. The current generated by such a system would 
be changed if any of the rate or concentration 
parameters, such as activity of polymerase or enzyme 
(E). or such as availiabillity of substrate (S) were 
altered . 



Figure 2 : Assay for Depolymerase . 

Figure 2 shows an assay system in which the analyte is a" 
depolymerase (R). and in which a mediator compound is 
immobilised as a constituent of a polymer (B Q ) until 
monomers and oligomers having mediator activity are 
released by the action of the depolymerase (R). 
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In th. pr.a.ne. of depolymetase (»). -««•' ls 
Ub.rat.d and is I.e. to tranter Car,. from th. .«r~ 
E to the electrode (1). It should be noted that the 
substr.t. (S, and the ptoduct <P> of the enzyme (E) are 
not determined by th. nature of the d.pclym.rase. and 
consequently a wide ran,e of enrymes. substrate, and 
mediators can be employed with this particular 
embodiment of th. invention. It should also be noted 
that presence of depolymer.se in the assay system for 
even a short time -ill cause a permanent increase tn the 
electrode current, as unlU. the system illustrated in 
£i ,ur, 1. char,, transfer will continu. if th. activity 
of the depolymerase <R) is terminated. 

» variant of this technique is directed at th. assay of 
a further an.lyt. and causes a change in the behavior of 
th. assay system shown in the figure by its effect upon 
or least one of th. rate or concentration parameters, 
such as activity of depolymetase (■> . For example, in a 
specific modification of this technique. the 
.epolyrner.se (R) is covalently attached to one or other 
ot a pair of specific binding partners such as 
antigen/antibody. In this conf igutation. the 

oepolymer.se (B> with antibody attached retains its 
activity and the system function in an identical fashion 
to that described above. 
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This * technique could be used to assay antibody 
concentration or, in sandwich assays or hetergeneous 
competitive assays* to assay or monitor antigen 
concentration. This configuration is particularly 
5 suitable for the estimation of high molecular-weight 
antigens. 

A further alternative is that the liberation of the 
immobillised component accompanies the disruption of a 
large transfer restraining molecule or aggregation of 
10 molecules. For example, the immobiliser can comprise a 
liposome containing and confining therewirhin a mediator 
compound and attackable by a phosphol ipase to release 
the mediator into the assay system and to thus allow 
electron transfer to occur. 



15 Figure 3 : Assay for release of Sn2vme 

In the assay system shown schematically in figure 3 the 
analyte is a reagent capable of releasing immobilised 
enzyme (E) into the free portion of the assay system, 
and in which both substrate (S) and a mediator for 
20 enzyme (E) are present in that free portion. The enzyme 
(E) may be immobilised in several ways. For example, as 
with the mediator confinement technique set out above, 
the enzyme (E) can be contained within a liposome (L) 
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' ao d released ch. actio, or a by a phospholipas. _<« 
on the liposome. 



5 



Figure 4 : B&Etidg, Hydrolysis, 



jomprises an 



5 



10 



15 



Figures 4a and 4b. show a syst.s. which e< 
ass „ rot a peptide hchd hydcolysin, condition. The 
en*y». CE, »ay p.rtor. it, c.t.Xytlc activity upon 
substrate (.,. in this instance present in sclut l cn. 

A .edlacot «r, is attached via a lins.r group to , 

structure L, including a peptide bond P. 

„. chare, is transt.rred to the electrode. 
Little or no charge is . 

whi lst the mediator is. confined by the peptide bond CP). 

0n occurence of a condition which causes the breakage 

■a hoad P as shown in figure 4(b) the 
of the peptide bond P. 

freely diffuse and transfer 
mediator/L. conjugate may freely a 

. rh* electrode, thereby giving 
char,, f.o. the en,y»e to the electro 

. d.t.=tabl. signal, and indicate, that 
bond P has been btoKen. 



* tiau^: ; am rvclu,io0 Membrane ^- 



Fl , u£ . 5 shows an alternative system to that shown in 
2Q n , UI8 , which -es us. .« a jocular .xclusion 
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membrane (3) to separate the mediator (M) which is bound 
to a large molecule (X). and the enzyme (E). both of 
which are too large to pass through the membrane (3). 
In this example, breakage of the linkage between the 
mediator (M) and the large molecule allows the mediator 
to diffuse through the membrane and mediate the transfer 
of charge from the enzyme E to the electrode. 



Figure 6 : 



Redox Enzvme Free Systems 



i 

* it 



= ■1 



In figure 6 a system is shown which lacks the redox 
10 enzyme generally referred to as E in the other figures. 
The only enzyme which is required in the assay system is 
that which depolymer ises a polymer (C q ) which has 
mediatpr attached thereto. As with the system 
illustrated in figure 2, mediator is liberated by a 
15 depolymerase (R). It is possible to obtain a response 
to the presence of the elect rocheraica 1 ly active monomer 
at the electrode (1). from which the activity of the 
depolymerase can be determined. It should again be 
noted that presence of depolymerase (R) in the assay 
2Q system for even a short time will cause a permanent 
change in the electrode response. 



m 
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« AMPLE l : Pr^r.tioi of <-o-f er rocPne-amylose , 

la otdec to perform a method such as that illustrated in 
figures 2 and 7. 6-O-f er rocene-amylose was prepared as 
described in Methods in Carbohydrate Chemistry Vol IV p 
300 for the preparation of 6-0-tosyl-amylose . 

l.Sg of amylose was suspended in 30 ml dry pyridine and 
stirred at 35-C for 30 mins. 517 mg of ferrocenoyl 
chloride (prepared by the literature method) was then 
added in one portion and stirring was continued for 
inr. The mixture was then poured in a thin stream to 
250ml of an ice cold solution of methanol and water (4:1 
v/v). The product precipitated -immediately as a bright 
orange compound.. This was collected by centrifugation. 

The centrifuged product was washed with twice with each 
of methanol, water and acetone and finally again with 
methanol to leave a clean solid and colourless 
supernatant . 
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EXftMgLg 3 ; Electrochemistry of f er rocene-amv lose in a 
three electrode cell with a graphite 
working electrode 

D.C. cyclic voltamraetry experiments were performed using 

5 a two compartment cell with a working volume of 1 ml. 

In addition to the working electrode, the cell contained 
2 

a l cm - platinum gauze counter electrode and a 
saturated calomel reference electrode. All potentials 
were referred to the saturated calomel electrode (SCE). 

;q Samples of the insoluble f er r ocane-amylose complex vere 
sonicated. The buffer used for electrochemical 
experiments was 0,1M phosphate buffer (pH 7.0) 
containing SOmM glucose. 

The f errocene-amylose conjugate (3.0 mg) was suspended 
15 in phosphate buffer (10 mis) and sonicated for 2 mins to 
produce a finely dispersed suspension. After 
sonication, the suspension was placed in the sample 
compartment of the electrochemical cell and mixed 
thoroughly using a magnetic stirrer. 



20 After a suitable equilibration time (10 rains), the d.c. 
cyclic voltammogram of the suspension was recorded over 
the potential range 0 to +650 mV vs SCE. The cyclic 
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voltammogram of the f er rocene-amylose complex suspended 
in buffer showed no direct electrochemistry at the 
working electrode. 

EXAMPLE 3 : Electrochemistry of f er rocene-amylose in 

the presence of amyloalucos idase 

Amyloglucosidase (1 mg) was added to the electrochemical 
cell and the sample was thoroughly mixed. The cyclic 
voltammogram of the solution was recorded at 5 and 15 
mins after the addition of amyoglucosidase . On addition 
of amyloglucosidase. electrochemistry due to the release 
of S-O-f err ocenoyl glucose from the complex under the 
action of the enyzme, was observed. 

It was apparent that incubation of the fer rocene-amylose 
complex with amyloglucosidase for longer times results 
in an increase in the current from the direct 
electrochemistry of the reaction products. 

EXAMPLE 4 : Electrochemistry of fer rocene-amylose in 

the presence of amyloglucosi dase. glucose 
oxidase and glucose . 

After recording the cyclic voltammograms in example 3. 
glucose (50 ul of a 1M solution in acetate buffer. pH 
4.8) and glucose oxidase (50 ul of a 3 mg ml 1 
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solution in acetate buffet. pH 4.8) were added to the 
suspension and the cyclic voltammogram recorded. 



Addition of glucose and glucose oxidase to the 
electrochemical cell caused an increase in anodic pea* 
5 current from HOnA to 285nA since the degraded 
f errocene-araylose acts as a mediator to the glucose 
oxidase as illustrated in general terms in figure 2. 

It can be seen that ferrocene when attached to a 
polysaccharide shows no electrochemistry whatsoever at a 
10 working electrode until that polysaccharide is 
enzyraatically hydrolysed. The progressive degradation 
of polymers .containing electroactive species by enzymic 
digestion of • liberates these species to exhibit their 
electroactive properties. 



15 



20 



The following examples (5-10) relate to the action of 
a-amylase in hydrolysing amylose polymer and derivates 
thereof. 

EXAMPLE 5 ; Preparation of antibodies labelled with 

a-amylase . 

a-amylase was conjugated to bovine igG using 
glutaraldehyde. a-amylase (24mg) and IgG (lOmg) were 
dissolved in 2ml phosphate buffet pH 6.8 (O.IM) to this 
60ul of a 10% aqueous solution of glutaraldehyde was 
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.dd.d with ,..tl. stirring. Th. solution was l.£t 
stand tor 3 omin. The reaction -as tec.in.tea by tn. 
addition of 100.1 of a 1% .thanolamin. solution. The 
conjugate was purified usln, FPLC t"F«.t Protein Liguid 
Chromatography-: trade-name, of Pharmacia] using a g.l- 
filtration column. The IgG content of th. conjugate was 

„ d usin, goat-antibovine I«t> labelled with 

alkaline phosphatase. 



EXAMPLE 6; 



Three-e 1 strode SVSti 
fi-Q^f er rocene-amviose 



the nr eaence _of 



F- 



15 



20 



When a-a»ylas. was added to th. cell to give a final 
U-c.ll concentration of 25U. and th. contints incubated 
« 37-C for 10 minutes, a new. quasi-teversible redox 

couple <«- *t™ « SCE: 

ots.rved. Figure 7b shows a dc cyclic voltammogr.m of 
the solution <a> after incubation at 37-C for 10-in. 
with 25U a-amylase. 



The anodic peak current foe 



this couple increased with 



increasing incubation time and so th. sp.ci.s giving 
rise to this voltammogram can only b. from th. products 
of the enzymic reaction. 
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Three-electrode system, electrochemistry of - 
6-O-f er rocene-amvlose in the presence of 
hog pancreas a-amvlase. GOD and glucose 

Addition of glucose (40ul of a 1M solution in 
phosphate/NaCl buffer, pH 7.0) and glucose oxidase 
(10ul of the stock 2.36 raM solution) showed catalytic 
behaviour with cleavage products. Figure 8c shows a 
cyclic voltammogram as for example 6. but with the 
addition of 40ul of a 1M solution of glucose and 
10-ul of a 2.3mM solution of glucose oxidase. 

The catalytic current from the breakdown products was 
estimated as 3uA at 500mV. It should be noted that in 
the absence of of a-amylase, the species with a redox 
peak at 550mV did not show catalytic behaviour when 
15 glucose oxidase was added to the solution. 

EXAMPLE 8: Three-electrode system, electrochemistry of 
6-O-f errocenovl-amvlose in the presence of 
salivary a-amylase, GOD and glucose 

The above experiment was repeated using 50ul of human 
20 saliva instead of a-amylase. resulting in a catalytic 
current at SSOmV of ~2uA. Figure 8a shows a DC 
cyclic voltammogram of 3mg of a ferrocene derivative of 
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a polysaccharide in 1ml K 2 HP0 4 :NaCl buffet @ 37«C 
with SOul of human saliva. Figure 8b shows a cyclic 
. volcammogcam as shown in figure 8a. but with the 
addition of 40ul of a 1M solution of glucose and 
5 10ul of a 2.3mM solution of glucose oxidase. 

Normal human secum has an a-amyiase activity of about 
1500 U/l. Therefore the effect of 1 U/ml a-amylase 
(final concentration) on 3mg amylose-f errocene polymer 
was investigated under the conditions described above. 
10 The catalytic current measured under these conditions 
was approximately 90nA. 

Example 9 : Dose/ response curve f or a-amylase 



Ferrocene-amylose polymer (3 mgs/ml) was sonicated in 
phosphate buffer pH 7.0 (0.1M) containing 50mM glucose. 
One ml of this suspension was added to an 
electrochemical cell, and varying amounts of a-amylase 
were added. After a 10 minute incubation. excess 
glucose oxidase was added and the catalytic current 
measured at +550mV vs SCE a dose/ response curve was 
obtained. The response curve is shown in figure 9. 
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i; Dosa/resPQiise cur ve to antibodies — labelled - 
with a-amylase . 

The same procedure as described above in example 9. was 
followed with the sole exception that a-amylase 
labelled IgG was used instead of a-amylase. The 
response curve is shown in figure 10. 

As can be clearly in Figures 7-9. the action of amylase 
on 6-0-ferrocene-amylose provides an excellent basis for 
an ampetometric sensoc for the measurement of amylase 
activity. As ran :e seen from figure 10. the system 
also provides a label suitable for use with immunoassay 
systems . 

We envisage the use of a two-electrode system to measure 
both a-amylase activity in serum samples from a normal 
population as well as those serum samples containing 
pathologically high levels of . a-amylase. This 
represents a significant improvement over the 
polarographic method described by Scheller et al. 
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CLAIMS 



1) The use of an electrochemi 
species in a medium to determine the oc 



cal detection of cedox 
cucence of a 



condition under which such species ace produced or 




2) An assay system comprising: 

a) a macroraolecular species comprising at least in 



part a component. 




tPelectrode means responsive to the presence of 
the redox species. for electrochemical detection or 
measurement of the redox species in the medium. 

whereby the said detection or measurement is related 
to the digestion or disruption of the macromolecular 
species, as enabled, on occurence of a predetermined 
condition, thereby being capable of a response to the 
presence type or amount of the macromolecular species, 
and/or of the said presence or amount of digestion or 
disruption and/or of circumstances affecting the 
indirect production of the redox species. 



% 
t 

I 
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3) An assay system according to claim 2. including; a 
redox enzyme. a mediator compound capable of 
facilitating the transfer of charge to or from the redox 
enzyme to the electrode, and. a substrate for the redox 
5 enzyme; wherein: 

a) the component comprises one of said redox enzyme 
or mediator, and, 

b) the macromolecular species comprises a 
large-molecule immobiliser material United to the 

10 component. 

whereby upon digestion or disruption of the 

macrsmolacular species, the redox enzyme, substrate snd 

mediator interact to provide the redox species at the 
electrode. 



15 
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4) An assay system comprising; 

a) a reagent system capable of f aci 1 1 i tat ing the 
production or release of redox species within a medium 
in the presence of a component produced or released from 
a macromolecular species by digestion or disruption of 
the macromolecular species, and. 

b) electrode means responsive to the presence of 
the redox species, for electrochemical detection of the 
redox species in the medium. 



t 
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„ M assay system acedia, to .1.1. «. Ucludlh,. 
.1th.. a redo* e„ry.e ot a .ediator compound c.pabl. o £ 

« Pharos oc from the redox 
facilitating the transfer of charge or 

a- a nd a substrate for the redox 
enzyme to the electrode, and a suds« 

enzyme; wherein: 

„ «no of said redox enzyme 
a) the component comprises one of saio 

or mediator. 

„ th. syst.. furth.t co.pris.s a rurth.r eozy.. to 
produce or c.l.... th. co.poh.nt In th. pt.s.hc. or th. 
macromolecular species. 

wh.r.lh oh tt.at-.ht o £ th. assay syst.. with a 
cohtatnih, th. .acro.ol.cular sp.ci.s char,, ts 
coh..,u.«tly transferred via th. .edl.tor co.pound to or 
fcom the said electrode. 

„ *n assay syste. accotdin, to .1.1. ». "»•»*» 
M cro.ol.cular spec l.s is a c.dox .odlrl.d poly..r. 

activity co.prlsln, a quantity o £ .ono.et ot oll,o..r 
c.pabl. of b.in, cond.ns.d ihto a polymer. ahd. 
covalently UnK.d to said .oncer or olWo.er. .Ith.r: 

activity on the said 
i) an enzyme having a redox activity 

monomer or oligomer, or 

U, a ..diator oo.pouhd capable or transferrin, 
char,, to or £ ro. the enzy.. U> to ah electrode whet. 
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the enzyme- (i) is catalytically active. 

Wherein on treatment of the assay system with a 
sample containing a polymerase capable of polymerising 
the said oligomers or monomer, the effective amount of 
5 the enzyme (i), or the mediator (ii) and consequently 
the amount of charge transferred via the mediator 
compound to or from the said electrode, is reduced by 
the polymerisation of the monomer or oligomer. 

8) A method of assay including the steps of; 
10 a) preparing a mixture containing known amounts of; 

i) a redox enzyme, 
Li} a tiediator compound capable of "ransi erring 
charge from the redox enzyme • to an electrode on 
occurence of a redox reaction, 'and, 
15 iii) a substrate for the redox reaction. 

wherein at least one of components i) or ii) is 
linked to a raacromolecule , whereby charge transfer to 
the electrode surface is restricted. 

b) treating the mixture with an agent suspected of 
20 being capable of effectively liberating the component 

linked to the macromolecule , and. 

c) detecting or measuring the charge transfer to or 
from the electrode surface, whereby the presence or 
amount of the agent may be determined. 
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| 9 ) A- method of assay including cue steps of: 

f a) preparing a mixture containing Known amounts of; 

f 

f i) a redox enzyme. 

f ii) a mediator compound capable of transferring 

I 5 charge between the redox enzyme and an electrode surface 

| on occurence of a redox reaction. 

iii) a substrate for the redox reaction, and. 

iv) a ligand labelled with an enzyme having a 
depolymerase activity on a polymer. 

wherein, at least one of components i) or ii) is 
linKed to rhe polymer wbereby charge transfer xs 
restricted until --he component is effectively liberated 

into the mixture. 

b> treatin, the fixture with a sample suspected of 
contains an ahtili,ahd capable of a specific bihdin, 
reaction with the ligand. and. 

c) detecting or measuring the perturbation of 
charge transfer, whereby the presence or amount of the 
reactive species may be determined. 
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10) The assay of claim 3. 5. or 7 or the method of claim 
8 or 9 in whicb the mediator compound is chemically 
attached to or included within a monomeric unit of a 
polymer . 
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11) The assay of claim 3. 5, or 7 or the method of claim. 
8 or 9 in which the redox enzyme is of the type 
described as glucose oxidase or glucose dehydrogenase . 

12) The assay of claim 6 in which the further enzyme is 
a depioymerase. 

13) The assay of claim 12 in which the depioymerase is 
amyloglucosidase or a-Amyiase. 
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